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Drosophila gastrulation serves as a model system to
elucidate the genetic and molecular mechanisms
involved in morphogenetic movements. The ligand
of the FGF receptor Heartless, which is involved in
mesoderm movement, has now been isolated and
shown to be a link between a morphogen gradient
and cell behavior.
Genetic screens occasionally fail to uncover a missing
developmental regulatory gene, and in many cases this
is due to functional redundancy. In cases in which the
molecular nature of the gene product can be antici-
pated (for example, a ligand of a known receptor), the
the genome sequence helps the search and in most
cases leads to the identification of the missing compo-
nent. However, even in organisms for which the full
genome sequence is available a candidate gene may
not be evident, and this is usually the point where spec-
ulations about novel mechanisms emerge. The ligand of
Heartless (Htl), a fibroblast growth factor (FGF) receptor
in Drosophila, has been a case in point: despite exten-
sive genetic analysis, it was not identified in standard
genetic screens and did also not show up when the
Drosophila genome was searched using bioinformatics.
A number of explanations were put forward to account
for the ‘missing-in-action’ factor, ranging from the
incompleteness of the genome sequence to activation
of the receptor by other cell surface molecules or even
ligand-independent receptor activation. Two recent
papers [1,2] put an end to these entertaining beer-hour
discussions, as they report the identification of two
FGF8-like ligands required for the activation of Heart-
less. Although the papers report the identification of the
same two genes, the experimental approaches that led
to their isolation were very different.
Gryzik and Müller [2] set out to find genomic regions
containing genes involved in mesoderm morphogene-
sis, which includes the Htl-dependent spreading of the
mesodermal cell layer during the early stages of gas-
trulation. One such region showed a phenotype 
resembling that of htl mutants. Painstaking genetic dis-
section, including the production of sets of defined,
small overlapping deletions in the genome, narrowed
the region down to a stretch that contained 14 genes.
Two neighboring genes were expressed at the right
time and place to be candidates for the Htl-ligand.
Most satisfyingly, these two genes encode functionally
redundant FGF8-like molecules.
These results highlight the use of defined deletions
in the hunt for novel gene functions, to overcome
certain cases of functional redundancy (if the genes in
question are close to each other), or to look for subtle
phenotypes which put limitations on the number of
individual mutants that can be carefully scored. The
success of Gryzik and Müller [2] depended on exploit-
ing a new method to generate precisely defined chro-
mosomal deletions in the Drosophila genome, which is
currently used in a large-scale approach to generate a
genome-wide collection of such deletions [3,4].
The same two fgf8-like genes were isolated in a
totally different approach by Stathopoulos et al. [1]. For
a number of years the group of Michael Levine has
been analyzing the genetic cascade involved in the
determination of cell fates along the dorsal–ventral axis
of the early Drosophila embryos. Cell fates along this
axis are controlled by a nuclear gradient of the tran-
scription factor Dorsal, and the Levine group [5] has
used expression profiling to identify genes regulated by
various levels of the Dorsal morphogen. These studies
aimed at defining a detailed developmental pathway
leading to the establishment of the dorsal–ventral body
axis in the fly embryo.
The FGF receptor Htl is activated by the transcription
factor Twist in the ventral cells that represent the anlage
of the mesoderm and that contain the highest nuclear
concentration of Dorsal. Microarray screens identified a
gene called Neu4 that is directly activated by low levels
of the maternal Dorsal gradient in broad lateral stripes
flanking the mesodermal anlage [5]. Initially, no function
could be predicted for this gene, as only a small frag-
ment had been isolated, which showed no clear homol-
ogy to genes with known functions, and the gene
annotation programs failed to detect the entire coding
region. However, a combination of sophisticated com-
putational and molecular methods led to the identifica-
tion of the encoded protein as a FGF8-like molecule
and in the discovery of a neighboring sister gene pre-
sumably generated by gene duplication [1].
Many receptor tyrosine kinases are expressed
broadly and activated locally by spatially restricted
ligands. Because FGF receptors control aspects of
directed cell migration or cell spreading [6], it is impor-
tant that receptors and ligands not be expressed in the
same cells. This would impede migration because the
spatial information that is built into the distribution of
ligand and receptor would be lost. In contrast to other
receptor tyrosine kinases, the expression of the two
FGF receptors Breathless (Btl) and Htl, along with their
downstream signaling component Downstream-of-FGF-
receptor (Dof) is restricted to defined cells and tissues
in the fruit fly [7–10]. Expression of the ligand Branch-
less (Bnl), which is specific for Btl, is under dynamic
transcriptional control, and ligand and receptor are
largely expressed in non-overlapping, complementary
groups of cells [11]. Indeed, misexpression of the ligand
or expression of constitutively active FGF receptors
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leads to prominent defects in cell migration [12], illus-
trating the importance of the restricted, complementary
expression patterns.
The work of Stathopoulos et al. [1,5] provides a beau-
tiful example of how the complementary expression
pattern of Htl and its two FGF8-like ligands is achieved
during development (Figure 1). htl, dof and the two Htl-
ligand-encoding genes appear to be direct targets of the
transcription factor Dorsal. High levels of Dorsal partici-
pate with Twist in activating htl and dof ventrally, i.e. in
the mesoderm, while the two FGF ligands are activated
laterally by lower levels of Dorsal, and are therefore
expressed more broadly along the dorsal–ventral axis.
To bring about the non-complementary expression of
ligand and receptor, Dorsal activates transcription of the
Snail repressor in the ventral mesoderm. Snail binding
sites have been identified in an enhancer of the fgf8-like
genes, and it is likely that Snail represses their transcrip-
tion in the ventral cells. These results provide the logic of
a gene regulatory cascade initiated from the graded dis-
tribution of a ligand, followed by differential activation of
a receptor (Toll), the graded nuclear accumulation of a
transcription factor (Dorsal), and the specification of
regional cell fate. Gastrulation in the Drosophila embryo
can thus be described as a manifestation of discrete
threshold readouts of the Dorsal gradient.
It remains to be determined whether FGF ligands
act as true chemoattractants, or rather as motogens
inducing motility per se. In many cases where cursory
observations suggest chemotaxis, other mechanisms
could be operating to determine the direction of
movement, such as polarity in the substratum, release
from attachments, or plain constraints in the availabil-
ity of space into which movement is possible. A role
for one Drosophila FGF as a chemoattractant is sup-
ported by studies of Branchless/FGF (Bnl/FGF), the
ligand of the second Drosophila FGF receptor, Btl. In
the developing tracheal system, Bnl/FGF is expressed
dynamically in cells surrounding the tracheal pla-
codes, thus prefiguring the direction of migration of
the tracheal tip cells [11]. The expression of Bnl/FGF
in ectopic positions induces tracheal cell migration
toward such sites, both in the embryo and in the larva
[11,13]. In addition, live imaging has shown that acti-
vation of both Drosophila FGF receptors leads to
cytoskeletal changes that are typical for migrating
cells and that Bnl induces the formation of directed
filopodia [2,13,14]. The Htl ligands might act both in a
permissive and in an instructive manner; permissive
for the early spreading of the mesodermal cells and
instructive for the efficient guidance of the movement
of the mesoderm toward the dorsal ectoderm. The late
modulation in the levels and expression patterns of
the two novel Htl ligands (Figure 1D) is consistent with
such a view [1], and the identification of these ligands
now allows us to address this issue directly by manip-
ulating ligand expression experimentally.
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Figure 1. Expression patterns and hierarchy of genes involved
in the FGF-dependent morphogenesis of the mesoderm.
The expression patterns are shown on cross-sections of
embryos in successive stages of gastrulation. The drawings do
not accurately reflect the RNAs’ first appearance, but rather the
logical succession of the hierarchy of gene activities. The
ventral side of the embryo is at the bottom. (A) The amount of
Dorsal protein in the nuclei of the embryo is highest on the
ventral side (bottom) and declines in a gradient toward the dorsal
side of the embryo. (B) Genes that define the mesoderm under
control of the Dorsal gradient: Twist (red) is directly activated by
Dorsal and is expressed in a gradient with the highest level in the
most ventral cells. Snail (blue) is also activated weakly by Dorsal,
but the combination of Dorsal and Twist is needed for full
expression and the definition of the sharp boundary at the edge
of the mesoderm. (C) The FGF receptor Heartless and its signal
transduction substrate Dof (both yellow) are expressed in the
central portion of the invaginated mesoderm, which is about to
flatten out onto the ectoderm. The ligand for the receptor, Fgf8
(green), is expressed in the ectoderm. (D) Genetic hierarchy of
genes shown in A–C. Left: The highest level of Dorsal, found in
the prospective mesoderm, is able to activate genes such as
twist and snail, which have low affinity binding sites in their pro-
moters, as well as those with higher affinity binding sites. The
promoter of htl also has high affinity binding sites that can
respond directly to Dorsal, but in the embryo, htl critically
depends on Twist [15]. The transcription factor Twist acts as an
activator promoting its own transcription as well as that of snail,
htl and dof. Snail is a repressor that is predicted to block the
expression of the Fgf8 genes in the mesoderm. Right: low levels
of Dorsal, as present in the prospective ectoderm, can activate
only those genes with high affinity binding sites. Thus, Fgf8 is
expressed, but Twist and Snail are not, and therefore Htl and Dof
are not activated and Fgf8 expression is not blocked.
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